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Cells of living organisms simultaneously operate hundreds or thousands of interconnected chemical 
reactions. Metabolic networks include these chemical reactions and the compounds participating in them. 
Metabolic engineering is a science centered on the analysis and purposeful modification of an organism's 
metabolic network toward a beneficial purpose, such as production of fuel or medicinal compounds in 
microorganisms. Unfortunately, there are problems with the design and visualization of modified 
metabolic networks due to lack of a standardized and fully developed visual modelling languages. The 
purposes of this paper are to propose a multi-level framework for the synthesis, analysis and design of 
metabolic systems, and then explore the extent to which abstractions from systems engineering (e.g., 
SysML) can complement and add value to the abstractions currently under development within the greater 
biological community (e.g. SBGN). The computational test-bed that accompanies this work is production 
of the anti-malarial drug artemisinin in genetically engineered Saccaharomyces cerevisiae (yeast). 
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1. Introduction 
1.1 Problem Statement. Throughout the systems engineering community a well-known tenet is that good 
designs balance the need for functionality and performance against limitations on cost. During the pre-
implementation stages of system development (i.e., where a detailed system description may not exist), 
systems engineers are concerned primarily with system functionality and the identification of key 
environmental conditions within which this functionality must occur. Models of functionality need to 
describe what the system will do, the order in which these functions will be executed, under both normal 
and abnormal operating conditions. The answers to these basic concerns are commonly expressed as 
functional requirements. Performance requirements describe how well a system should perform these 
functions. Then as the system development proceeds, engineers assume that it will be possible to control 
the complexity of developments through separation of design concerns and decomposition of design 
solutions into hierarchies. Together these strategies lead to loosely coupled system architectures and well-
defined hierarchies of behavior. 
 
These principles apply to a wide range of established and emerging application areas. As a case in point, 
metabolic networks are immensely complex systems characterized by large numbers of nodes (chemical 
compounds, hereafter referred to as metabolites), and interconnections (reactions). The metabolism of a 
single microorganism such as Escherica coli or S. cerevisiae (yeast) is massive, composed of thousands 
of metabolites and reactions regulated by hundreds of genes, which interact with each other in a 
combinatorial fashion to maintain the cell’s living state (Figure 1). Recent advances in computer 
technology and bioinformatics have allowed for detailed analyses of these systems. Examples include the 
Figure 1- Complete Diagram of Yeast Metabolism; Pink and blue areas represent pathways of high metabolic traffic [1] 
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creation of metabolic models for organisms such as E. coli and S. cerevisiae in languages such as SBML 
(systems biology markup language), and the development of algorithms to identify nontrivial bottleneck 
reactions in these models. However, due to lack of visual abstraction capabilities, procedures for the 
systematic and precise design (i.e. modification and construction) of metabolic networks are not as 
straightforward and predictable as they should be. For example, while engineers have algorithms to 
process a metabolic network and identify reactions of interest, the results are not automatically carried 
through to visual diagrams showing where they are located within the overall metabolic system. State-of-
the-art metabolic engineering procedures apply an understanding of reaction kinetics from chemical 
engineering to the chemical networks and compounds of cells from the biological domain. They identify 
and investigate how specific modifications to the metabolic network result in a redirection of carbon 
traffic in the system as a whole. Computational analysis and linear programming methods are used to 
simulate and predict experimental results while genetic engineering is used to implement the design. 
Value in metabolic systems is generated by maximizing production rate of a metabolite of interest or 
maximizing carbon flux through its synthesis pathway, while minimizing energy cost associated with 
compounds such as ATP (adenosine triphosphate) and NAD(P)H (Nicotinamide adenine dinucleotide 
(phosphate)). 
1.2 Objectives and Scope. To effectively engineer biological and biochemical systems in the face of 
immense system and observational complexity, over time, metabolic engineers will need increasingly 
sophisticated approaches to the synthesis, design, and assessment of metabolic architectures. In support of 
this end goal, scientists have suggested that the biological community lay foundations with respect to the 
concepts of standardization, decoupling and abstraction [2]. We propose in this paper a multi-level 
framework for the synthesis, analysis and design of metabolic systems. Then, we explore the extent to 
which standard abstractions from systems engineering (e.g., UML and SysML) can supplement and 
complement developing abstractions within the biology community (e.g., Systems Biology Graphical 
Notation, hereafter referred to as SBGN) for purposes of metabolic engineering. The challenges and 
opportunities accompanying this work are discussed with reference to a metabolic experiment designed to 
increase production of the anti-malarial drug artemisinin in genetically engineered yeast. 
2. Orchestration of Good Design Solutions
2.1 Framework. Good design solutions are likely to employ a combination of the following mechanisms: 
 Semi-Formal Models. To allow for the efficient representation of ideas (e.g., goals and 
scenarios), representations for preliminary and tentative design need to be based on semi-formal 
models such as SysML. 
 Formal Models. To help prevent serious flaws in detailed design and operation, design 
representations and validation/verification procedures need to be based on formal languages 
having precise semantics. 
 Abstraction. Abstraction mechanisms eliminate details that are of no importance when 
evaluating system functionality, system performance, and/or checking that a design satisfies a 
particular property. 
 Decomposition. Decomposition is the process of breaking a design at a given level of hierarchy 
into subsystems and components that can be designed and verified almost independently. 
 Composition. Composition is the process of systematically assembling a system from subsystems 
and components. We seek, in particular, methods that allow for the systematic assembly of 
behavior models for complex systems from behavior models for simpler systems and 
components.  
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(coupled with strategies of systems engineering development (e.g., separation of logical and physical 
concerns; breadth before depth) refined over many years).  
 
Semi-formal models are appropriate for the early stages of development, when the central concern is 
making sure that the right product or process will be designed. For projects that are new and innovative, 
the system engineer will need to work with the stakeholders simply to determine what the system will do, 
the scenarios corresponding to goals, and strategies for handling unexpected events. This activity is called 
goals and scenario analysis. The use of visual modeling abstractions, such as SysML helps to reduce the 
risk of failure by forcing engineers to state all of their assumptions and think systematically about how the 
fragments of system behavior will be translated into flows of control and sequences of functionality. 
Within the systems biology community, SBGN is a standardized graphical notation for showing the 
temporal courses of biochemical/molecular interactions (e.g., process flows, entity relationships, signal 
interactions) taking place in a network of biochemical entities [3]. 
 
Formal models of analysis are appropriate for the simulation, evaluation, and optimization-based design 
of detailed design descriptions, where decisions on high-level behavior and structure need to be refined to 
include data/information relevant to a specific discipline (e.g., the chemistry and physics of metabolic 
processes). Formal models for engineering design should consist of the following components [4]: 
   
 A set of explicit or implicit equations that involve input, output and possible internal variables; 
 A set of properties that the design must satisfy given as a set of equations over design variables; 
 A set of performance indices which evaluate the design in terms of cost and performance; 
 A set of constraints on design variables and performance indices specified as inequalities. 
 
For our purposes, formal models will incorporate the chemistry and physics of metabolic engineering 
processes, thereby allowing for: (1) The quantitative evaluation of metabolic system performance and 
cost, and (2) A framework for defining and searching the design space of potentially good solutions. 
 
3. Multi-Level Framework for Metabolic Process Design 
 
We propose that the mechanisms of semi-formal and formal modeling, and top-down and bottom-up 
approaches to design be combined in a single multi-level framework as shown in Figure 2. 
Figure 2 - Multi-level framework for synthesis, analysis, and design of metabolic systems. 
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The design of metabolic processes will be part top-down decomposition (e.g., customized specification 
metabolic pathways) and part bottom-up composition of previously designed biochemical blocks. As a 
designer moves from the semi-formal to formal layers, levels of design detail will increase and reliance 
on abstractions will decrease. Conversely, moving from the detailed design layer to the higher-level layer 
relying on visual abstractions will correspond to an increasing reliance on abstractions and an increased 
focus on integration of models. Formal models are needed for the accurate and quantitative evaluation of 
system behavior (e.g., metabolic process production) and efficient design space exploration. To support 
the broader exploration of design spaces, there needs to be a way of connecting algorithms for 
optimization-based design with those for performance assessment of metabolic processes.  
Recent research has demonstrated the use of SysML as a centerpiece abstraction for team-based system 
development, with a variety of interfaces and relationship types (e.g., parametric, logical and dependency) 
providing linkages to detailed discipline-specific analyses and orchestration of system engineering 
activities [5]. In the long term, however, we believe that multiple models of visualization will be required 
(e.g, combinations of SysML and SBGN) for the development of hybrid systems (e.g., BIOMEMS 
devices implanted in the human body; surgical robots cutting and removing tissue) with graphical 
formalisms displaying concepts in a notation familiar to the end users (e.g., engineers and doctors). 
4. Interface Design for Model Integration 
Now that the details for the semi-formal and formal modeling are in place, the next issue to consider is 
interface design for the systems integration of models from metabolic simulation and design space 
exploration. 
The upper-half of Figure 3 is a Venn diagram of the relationship between SysML and SBGN. Although 
the formalisms for both visualizations have been designed to serve the needs of separate communities, 
most of the distinctions are at the syntax level. There is, in fact, a surprising overlap in features. As a case 
Figure 3 - SBGN / SysML Venn Diagram
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in point, there is almost a one-to-one relationship between entity relationship and activity flow concepts in 
SBGN and activity diagram concepts in SysML. The notable differences crop up in the visual 
representation of biology-specific glyphs and flow-based modeling. Because SBGN is a relatively new 
language, it still needs to develop additional layers for biological processing, e.g. flow-based modeling 
that can account for biological analytical methods, i.e., metabolic flux analysis, while SysML has those 
layers already in place (e.g., with respect to flow-based modeling, a specific syntax for including ports 
and flows in structural constructs).  
 
5. Computational Test-bed 
 
The computational test-bed that accompanies this work is production of the anti-malarial drug artemisinin 
in genetically engineered yeast. The objective of the computational experiment is to optimize production 
of artemisinin through exploration of the design space and simulation of results, as referenced in Figure 2 
[6]. In this experiment, design space exploration takes the form of Optknock, a linear programming based 
algorithm which identifies nontrivial bottleneck reactions in the metabolic network by directing flux to 
pathways of interest under the constraint of maximizing biomass formation rate [7]. Simulation of results 
takes the form of flux balance analysis, a genome scale technique based on metabolic flux analysis which 
maximizes rate of biomass formation while assuming a steady state of zero for the reactions inside the 
system [8]. The key parameters associated with the experimental objective are the list of nontrivial 
reactions, rate of biomass formation, metabolic flux through pathways of interest, and to a certain extent, 
the visual layout of connectivity among the pathways. Together, SBGN and SysML are complementary 
methods of visual abstraction that can wrap these key parameters into forms that are easy to understand 
and fit into the framework of Figure 3. 
6. Conclusions  
As indicated in Figure 2, the metabolic engineering community can apply the proposed multi-level 
framework for synthesis, analysis, and design as a tool for managing biological complexity. SysML and 
SBGN can work together to provide visual modeling capabilities to the field, with SysML acting as a 
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